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Thermal stability (Schmidt stability) and water age, which are significantly related to water quality and
algae bloom in deep reservoirs, are two crucial indicators of stratification strength and pollutant trans-
port time, respectively. Here, the original Schmidt stability, which was derived from a one-
dimensional assumption, was theoretically extended to a three-dimensional water body. In addition, a
three-dimensional model was verified for the case study of Hongfeng Reservoir in China based on data
from 2009 and 2010. Although the revised stability was similar to the original stability of Hongfeng
Reservoir, which occurred at a relatively low level, the greater stratification in other deep water bodies
would enhance their difference. Air temperature and water depth were the most important factors of
the temporal variation in stability and the spatial variation in stability, respectively. The pollutant trans-
port processes in the Hongfeng Reservoir was very complex with alternate appearances of overflow,
interflow and underflow, depending on the season. The spatial water age was primarily determined by
the morphometry and the inflow/outflow (with the highest water age in North Lake), whereas the vertical
difference in the water age among the layers was primarily controlled by thermal stratification. Negative
linear relationships between the average stability and the water ages of the bottom layers in three rep-
resentative sites during summer were observed. Positive linear relationships between the average stabil-
ity and the water ages of the surface layers were also observed. These findings enable a better
understanding of the hydrodynamic and pollutant transport processes in a deep reservoir.

© 2016 Elsevier B.V. All rights reserved.
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2011; Read et al., 2011; Vincon-Leite et al., 2014; Ito and Momii,
2015). The definition of Schmidt stability was proposed by
Schmidt (1928) and subsequently improved by Idso (1973). It
refers to the mechanical work that is required to transform a ther-

1. Introduction

Thermal regime (e.g., water temperature, thermal stratification
and mixing) is crucial in controlling water quality (e.g., chemical

and biological reactions, vertical exchange of dissolved and partic-
ulate materials) and ecosystem succession (e.g., cyanobacterial
growth and dominance) of lakes and reservoirs (Wagner and
Adrian, 2009; Jiang et al., 2010; Wang et al.,, 2012a; Rolland
et al., 2013). The Schmidt stability, which is an important indicator
of water column stability in limnology, has been extensively
applied to evaluate the thermal stratification strength based on
observed or simulated temperatures (Schmidt, 1928; Idso, 1973;
Ferris and Burton, 1988; Winder and Schindler, 2004; Coats
et al., 2006; Holzner et al., 2009; Yu et al., 2010; Minns et al.,
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mally stratified water column into an isothermal state with adia-
batic mixing. A free tool named Lake Analyzer (http://
lakeanalyzer.gleon.org/), which can be employed to calculate the
indicators of stratification and mixing (including the Schmidt sta-
bility), was recently provided by Read et al. (2011). However, the
Schmidt stability is restricted by its one-dimensional assumption
of a water body; the deepest site is commonly employed to repre-
sent the vertical temperature gradient (Straile et al., 2010; Noges
etal,2011; Read et al., 2011; Rolland et al., 2013). The traditionally
one-dimensional assumption simplifies both the initial stratifica-
tion state and the final isothermal state of a three-dimensional
water body for Schmidt stability calculations. This traditional
treatment may be suitable for long-term thermal stratification
variation studies (Ambrosetti and Barbanti, 2002; Vincon-Leite
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et al., 2014; Ito and Momii, 2015; Valerio et al., 2015). However, it
is inadequate for specific studies of water bodies with large areas,
for which horizontal heterogeneity cannot be disregarded, particu-
larly for reservoirs with relatively large inflow/outflow and short
water residence time. Three-dimensional water temperature dis-
tribution can be achieved by numerical modeling. A method for
calculating the Schmidt stability, which considers spatial hetero-
geneity based on three-dimensional water temperature, is needed
to precisely and profoundly analyze the characteristics of thermal
stratification.

Water exchange and pollutant transport process are signifi-
cantly associated with water quality, algae growth and phyto-
plankton distribution, particularly for reservoirs (Straskraba et al.,
1999; Rolland et al.,, 2013). Water age, which is defined as “the
time that has elapsed since the particle under consideration left
the region in which its age is prescribed as being zero” (Delhez
et al., 1999), is a useful indicator for the temporal and spatial quan-
tification of the transport time of pollutants (Takeoka, 1984;
Boynton et al., 1995; Delhez et al., 1999; Shen and Wang, 2007,
Li et al., 2011). The concept of water age has been extensively
applied in coastal water areas with intense water exchange, which
is induced by tides and wind (Deleersnijder et al., 2001; Liu and
Huang, 2009; Liu et al, 2012), and lakes and reservoirs with
intense water movement, which is induced by human regulations
(Li et al., 2011; Shen et al., 2011; Wu et al., 2013). These studies
also explored the dominant controlling factors of water age, such
as the inflow/outflow and wind. Water age was also employed as
a hydrodynamic indicator to predict water quality (e.g., nutrients)
and algae (chlorophyll-a) (Hein et al., 2004; Lucas et al., 2009).

The pollutant transport process in a deep reservoir is highly
influenced by thermal stratification, especially when the contami-
nated inflow acts as interflow (Ahlfeld et al., 2003; Zhang et al.,
2015). An inverse relationship between thermal stratification
(indicated by stratification number, vertical temperature differ-
ence or buoyancy frequency) and interflow travel time (defined
by a certain percentage of tracer concentration) has been deter-
mined by analytical analyses, laboratory experiments or numerical
simulations by many researchers (Gu et al., 1996; Gu and Chung,
1998, 2003; Ahlfeld et al., 2003; Zhang et al., 2015). Due to the dif-
ficulty of calculating the transport time at any site, few studies
have addressed the thermal stratification effect on the transport
process at different depths in a reservoir with complex flow pat-
terns. This problem can be solved using the concept of water age.
Thus, the objective of this study is to investigate the impact of ther-
mal stratification (based on the revised thermal stability) on pollu-
tant transport time (represented by water age) in a deep reservoir.
The sub-objectives are as follows: (1) to extend the original
Schmidt stability for the theoretical application of a three-
dimensional water body; (2) to present a numerical tool to deter-
mine the heterogeneous revised thermal stability and water age;
and (3) to investigate the impact of the revised thermal stability
on water age at different depths.

A case study of Hongfeng Reservoir, which is a deep drinking
water reservoir in the Yunnan-Guizhou Plateau of China, was con-
ducted. Hongfeng Reservoir is a warm monomictic water body that
is characterized by thermal stratification in summer and mixing in
winter (Shang et al., 2011). The hydrodynamic characteristics of
Hongfeng Reservoir are very complex due to its complicated mor-
phometry, irregular reservoir regulation and varied upstream
inflows in changing climates and austere human activities. How-
ever, related studies are lacking; only two papers reported a simple
vertical 2-D model for the connecting area between North Lake and
South Lake in Hongfeng Reservoir in the 1990s (Chen, 1992; Chen
et al., 1997). Algae bloom and dead fish (cage culture) have fre-
quently been detected in the Hongfeng Reservoir since 1994; this
severe eutrophication situation did not change until 2010

(comprehensive control began in 2008) (Guo et al., 2015). Conse-
quently, an understanding of the thermal regime and the pollutant
transport time in Hongfeng Reservoir is important for managing
this valuable drinking water resource.

2. Methods
2.1. Study area

Hongfeng Reservoir, which is a typical deep plateau reservoir
with an average depth of 10.52 m and a maximum depth of
approximately 45 m, is located approximately 28 km northwest
of Guiyang City in Guizhou Province of Southwest China (Fig. 1).
It is one of the largest artificial reservoirs in Guizhou Province; it
has a water surface area of 57.2 km? and a storage capacity of
0.59 billion m at a normal water level (1240 m, Wusong Elevation
System). Hongfeng Reservoir was constructed in 1958 (completed
in 1960) and was the first reservoir of seven cascade hydropower
stations along the Maotiao River, which is a branch of the Wujiang
River in the Yangtze River Basin. Hongfeng Reservoir consists of
North Lake and South Lake and has five main inflows: two inflows
into North Lake (Maiweng River and Maibao River) and three
inflows into South Lake (Yangchang River, Maxian River and Houliu
River). The Maotiao River is the only outlet of Hongfeng Reservoir
(Fig. 1). Hongfeng Reservoir is an important drinking water source
for Guiyang City, with a designed water supply of 0.40 million m?3/
day. The major function of Hongfeng Reservoir has changed from
electricity generation to drinking water supply since 2000; other
auxiliary functions of the reservoir include flood control, irrigation,
tourism and aquiculture.

2.2. Numerical simulation

The 3-D hydrodynamic Environmental Fluid Dynamics Code
(EFDC) model was employed to simulate the hydrodynamic pro-
cesses of Hongfeng Reservoir, including water level, currents, ther-
mal regime and water age. The EFDC model is one of the most
extensively applied and technically defensible hydrodynamic mod-
els in the world (Wu and Xu, 2011). It has been successfully applied
for modeling the flow circulation, thermal stratification, sediment
transport, water quality, and eutrophication processes in numer-
ous rivers, reservoirs, lakes and estuaries (Hamrick, 1992; Ji
et al., 2001; Zou et al., 2006; Liu and Huang, 2009; Li et al., 2011;
Wu and Xu, 2011). Model details are provided in Hamrick (1992)
and Craig (2011). In this study, temperatures were simulated using
the surface heat exchange algorithm from CE-QUAL-W2 (Cole and
Wells, 2006).

The water age is computed based on the concentration of a tra-
cer and its age concentration. Transport equations for calculating
these concentrations are expressed as (Delhez et al., 1999):

ac(t,X)

S+ V(ue(t,%) = KVe(t,%) +5 =0 (1)
%tf) + V(ua(t,R) — KVo(t,®)) = c(t, %) 2)

where c is the tracer concentration, ¢ is the age concentration of the
tracer, u is the velocity, t is the time, X is a spatial coordinate, K is the
diffusivity tensor, and S is the point source. The mean age (water
age) of the tracer is calculated as

oft, X)

a(t, %) = c(t,X)

3)

These equations can be solved with specified initial and
boundary conditions in the EFDC model.
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Fig. 1. Location, tributaries, hydrologic stations and ADCP monitoring course for Hongfeng Reservoir, Guizhou, China.

The modeling domain of Hongfeng Reservoir includes the entire
reservoir region and the five primary tributaries to the hydrologic
station or the water quality-monitoring site. Some large islands in
the reservoir were treated as land in the model. Rectangular grids
were constructed to set up the model, which contains 3933 active
cells in the horizontal plane with a uniform grid size of
120 x 120 m (Fig. 2a). A vertical sigma coordinate with an evenly
distributed 20-layer system was applied to simulate the topogra-
phy of the bottom. The reservoir bed and water surface elevations
were utilized to determine the vertical cell thickness. The reservoir
bathymetry was specified by combining a 1:50,000 scale topo-
graphical map with measured water depth using the Acoustic Dop-
pler Current Profilers (ADCP); the monitoring course is shown in
Fig. 1. The bathymetry data were interpolated into the model grids.
The water level-capacity curve was constructed to improve the
bathymetry, and the absolute mean error (AME), root mean square

error (RMS), relative root mean square error (RRMS) and the deter-
mination coefficient (R?) were calculated to evaluate the effects.
The results showed that the final bathymetry corresponded with
small AME (0.19 million m?®), RMS (0.21 million m?), and RRMS
(0.85%) values and high R? values (near 1.00) (Fig. 2b). The water
depth in each grid ranged from 0.5 m to 45.0 m, and the average
depth was approximately 11.60m at a normal water level
(1240 m); these results were generally consistent with actual
measurements.

The initial conditions of surface elevation and temperature were
set to average values for the first day of the simulation period. The
initial flow velocity was set to zero. Daily inflows from the Mai-
weng River and the Yangchang River were measured at the hydro-
logic stations during the simulation period. For the remaining three
tributaries, the daily inflows of Maxian River were calculated by
hydrological modeling (Wu, manuscript in preparation, 2016),
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Fig. 2. (a) Rectangular grids, bottom elevations (Wusong Height System), monitoring sites (red triangle) and representative sites (yellow circle) in model domain. (S1: site in
the Maiweng River entrance; S2: site in Yaodong; S3: site near the Dam; S4: site in Daqiao; S5: site in the water intake; S6: site in Houwu; S7: site in Jiangjundong; S8: site in
the confluence of Yangchang River and Maxian River; R1: representative site in North Lake Center; R2: representative site near dam; R3: representative site in South Lake
Center), (b) modeled and observed H (water level)-V (volume) curve in Hongfeng Reservoir. (AME: absolute mean error; RMS: root mean square error; RRMS: relative root
mean square error; R?: determination coefficient). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and that of Houliu River and Maibao River were determined by the
drainage area ratios (Cole and Wells, 2006) due to their small
watershed areas. The monthly outflows from the dam and the fixed
rates for the intake pumping water from the reservoir were pro-
vided by the Administration of Hongfeng, Baihua and Aha Reser-
voirs. The daily outflows were calculated by the principles of
water balance of the reservoir, including inflows of the reservoir,
precipitation, evaporation, water withdrawal, water level and the
water level-capacity curve. The monthly outflows were utilized
to validate the calculated daily outflows; the results were satisfactory

(R?>>0.85, Wu, manuscript in preparation, 2016). The outflows
from the dam and the water intake in the model were set according
to the real positions of the power tunnel and the water intake. The
daily water temperatures, which were measured at the Huangmao-
cun hydrologic station of the Yangchang River, were employed for
all tributary entrances. The daily meteorological data, including
atmospheric pressure, air temperature, relative humidity, solar
radiation, cloud cover, wind speed and direction, were obtained
from the Guiyang weather station (China Meteorological Data
Sharing Service System, http://cdc.cma.gov.cn/home.do). Daily
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Table 1
Principal hydro-meteorological data at Hongfeng Reservoir, China.
Annual Annual Annual Annual Annual Annual Annual Dominant Annual Annual
average average average air solar average average average wind precipitation, evaporation,
inflow?, outflow®, temperature, radiation, pressure, relative wind direction mm mm
million m® million m3 °C MJ/m?/a  hPa humidity, % speed, m/s
2009 3.59 4.01 14.9 3977.4 877 74 2.5 NE 849.5 712.6
2010 6.19 5.29 14.6 4055.06 877.3 77 2.5 NE 1010 716.3
1961-2010 6.12 6.66 15.16 3727.66 890.2 77.12 2.22 NE 1108.73 -
2000-2010 5.67 5.49 14.55 3853.13 877.65 78.36 2.67 NE 1068.21
Relative error® (1961-2010) 1.14% —20.57% —3.69% 8.78% —-1.45% —-0.16% 12.61% —8.90%
Relative error® (2000-2010) 9.17% —3.64% 0.34% 524%  -0.04% —-1.74% -6.37% —5.45%

Meteorological data source: http://cdc.cma.gov.cn/home.do (except evaporation, which was measured at the hydrologic station).
2 Inflow included the measured discharge at hydrological stations and values calculated from hydrological modeling or the drainage area ratios. The annual average inflow

was calculated based on the time periods 1961-1983 (except 1974) and 2000-2010.

b Qutflow only included the discharge from dam, and not considered the water supply. The annual average outflow was calculated based on the whole period from 1961 to

2010 (provided by the Administration of Hongfeng, Baihua and Aha Reservoirs).
¢ Relative error between the representative year 2010 and two long-term periods.

precipitation and evaporation data were derived from the Huang-
maocun hydrologic station. For the model setup of water age, pas-
sive tracers with a unit concentration (arbitrary units) were
continuously released at the entrances to the five primary tribu-
taries and the initial conditions for the tracer and its age concentra-
tion were set to zero.

The hydrodynamic model was developed for 2009 (dry year)
and 2010 (normal year) in Hongfeng Reservoir. The principal
hydro-meteorological data (annual inflow/dam outflow, annual
average of the mean daily air temperature/pressure/relative
humidity/wind speed, dominant wind direction, and average
annual solar radiation, precipitation and evaporation) for both
years were compared with the corresponding data for two long-
term periods—1961-2010 (since its establishment) and 2000-
2010 (since the major function was shifted to water supply)—as
shown in Table 1. The results reveal that the absolute values of
most relative errors between the hydro-meteorological data in
2010 and the 50-year means were near or less than 10% (with
the exception of the annual dam outflow), and the absolute values
of relative errors between 2010 and the last decade (2000-2010)
were less than 10%. The reduced annual dam outflow in the last
decade also showed the change in the main function of the reser-
voir from power generation to water supply. Thus, the 2010
hydro-meteorological data generally exhibited near-average levels,
and 2010 is assumed to be a representative year for the study
reservoir. In this study, model verification was performed by the
continuous simulation of both years and the stable results of the
representative year (2010) were employed to analyze the thermal
stability and water age of Hongfeng Reservoir.

2.3. Revised thermal stability

When we extend the original equation (Schmidt, 1928; Idso,
1973) of a one-dimensional water body to a three-dimensional
water body, only the gravity direction (z direction) is considered.
The work by other forces, which is needed in the horizontal direc-
tion, is disregarded because the basis of the Schmidt stability is the
work of gravity force per unit surface area. The revised Schmidt
stability (S, J/m?) can be expressed as

S:A%///(z—z*)(p—p*)dv (4)

p:f(xvyvz) (5)

o :%///pdv (6)

V:///dv )

where g is the acceleration due to gravity (9.8 m/s?), Ag is the sur-
face area of the water body (m?), z is depth (m, reckoned positive
downward from the surface to the maximum depth), p is the water
density (kg/m?), p* is the volume weighted mean density, z* is the
depth at which the mean density occurs, dV is the volume element
and V is the volume of the water body (m?).

If we consider the final stable state to be absolutely isothermal
(with a uniformed temperature) for the entire water body and
employ Egs. (6) and (7) and the following relations,

The volume centroid:

Z, :%.///zdv (8)

The mass centroid:

Zg = le /// zpdV 9)

Eq. (4) can be simplified as follows:

s_8Vp
0

(2 —2,) (10)

When the density distribution of the water body is uneven due
to stratification, z, is not equal to z, (z, is fixed during mixing);
when the final state (absolutely isothermal) is attained, the new
Z is equal to z,. Thus, Eq. (10) reflects that the Schmidt stability
in this situation is the work per unit surface area by gravity force
that moves the mass of the water body from the mass centroid
to the volume centroid (zz — z,). This Schmidt stability is denoted
by S, in this paper.

The original S calculation equation, which is based on a one-
dimensional assumption, is a special and simplified situation of
the previous Eqgs. (4)-(10) and can be expressed as Eq. (10). The
value of V, Ay and z, can be equivalent to a three-dimensional
water body but the p* and z; would differ due to the difference
in density. This traditional Schmidt stability is denoted by S; in this
paper.

In most cases, the final stable state of a three-dimensional
water body would not be absolutely isothermal for the entire
water body due to different water depths. When the influence of
inflow temperature is significant, the spatial difference in the hor-
izontal direction would be distinct even without stratification in
the vertical direction. Because Schmidt stability refers to concep-
tual mechanical work and has no relationship with heat transfer
(Idso, 1973), a reasonable approach is to divide the entire water
body into several parts when three-dimensional temperatures
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Final stable state

Thermal stratification

Fig. 3. The illustration of three methods calculating Schmidt stability.

are available. This method was employed for water bodies with
several monitoring sites, in which the vertical temperature profile
and corresponding bathymetry for each site were applied as inputs
(Yu et al.,, 2010; Minns et al., 2011). If the entire water body is
divided into parts, which is sufficiently small (e.g., grids in the
hydrodynamic model), then each part/grid can be treated as an
independent one-dimensional water column. The final stable state
in this situation would be isothermal for each part/grid but it
would not be absolutely isothermal for the entire water body.
The assumed final stable state may be similar to the real situation
if the parts/grids are sufficiently small. In this case, the p* and z* in
Eq. (4) and the z, and z, in Eq. (10) varied with the part/grid and the
spatial Schmidt stability for each part/grid j was calculated as

8vip;
AO] / A4z Pz] :

pj)dz == 2 = 2u) (an
where A is the area at depth z; for part/grid j, p;; is the water den-
sity (kg/m?) at depth z; for part/grid j, H; is the maximum depth for
part/grid j, and the remaining variables are equivalent to the vari-
ables in Eq. (4) but for part/grid j.
For the entire water body, the Schmidt stability (referred to as
S3) is expressed as follows:

1
- /sjdA (12)

For these three methods, the Schmidt stability is zero when the
water column is isothermal (z; = z, or z,; = z,j), is greater than zero
when stratification occurs (zz>z, or zg >z, because density
increases with increasing depth), and is maximal when it is most
significantly stratified. The illustration of the three methods for
calculating the Schmidt stability is shown in Fig. 3.

In this study, our hydrodynamic model divided Hongfeng Reser-
voir into n (active cells: n < 3933, varied with water level) rectan-
gular grids with uniform size in the horizontal plane and
m (m = 20) evenly distributed layers in the vertical plane. The orig-
inal integral equations were modified to simple sums because the
results from the hydrodynamic model did not form continuous
function over the depth. Consequently, the two methods for
calculating the Schmidt stability based on the three-dimensional
temperatures is simplified as follows:

Spatial Schmidt stability for grid j:

m m
= oo |20~ HY_py (13
i=1 i=1

2
2m*n

ZH <Zzupu>—z’ o *g’ _(E' lp”q (14)
j=1 ]

g [y (& SR (S
Sy = oT |:2]Z_]:Hj (;Ziqu) — ;HJZ (;P1j>:| (15)

The water density is primarily determined by water tempera-
ture and secondly total suspended solid (TSS) in freshwater
(Cheng and Kao, 2008; Wang et al., 2012a). The effect of TSS can
be disregarded if the concentration is low (e.g., <0.8 kg/m?) (Yang
et al,, 2010). According to our monitoring data for 2009 (Septem-
ber), 2010 (January and October) and 2013 (June), the TSS in Hon-
gfeng Reservoir was very low and the maximum value did not
exceed 0.03 kg/m>. Therefore, water density can be considered as
a function of water temperature (Gill, 1982; Hamrick, 1992) in
Hongfeng Reservoir.

2.4. Numerical experiments

To analyze the influence of thermal stability on water age, sev-
eral numerical experiments were conducted based on the long-
term local climate of Hongfeng Reservoir (50 years: 1961-2010,
Fig. 4). The representative year (2010) was employed as the base
year with an annual average air temperature of 14.6 °C, which
was at the low end (Fig. 4). First, a scenario without a temperature
module was designated Case 1 to eliminate the impact of thermal
stratification. Then, the year 1993 with an annual average air tem-
perature of 15.3 °C, which represented the average level of the
study area (Fig. 4) and was approximately 5% higher than the
annual average air temperature in 2010, was designated Case 2.
The year 1998 with an annual average air temperature of 16.3 °C,
which was the highest year since 1961 (Fig. 4) and was approxi-
mately 10% higher than the annual average air temperature in
2010, was designated Case 3. Additionally, Case 4 and Case 5 with
—5% and —10% lower annual average air temperature than that in
2010, were also conducted in order to verify the impact of thermal
stratification more effectively. Although the annual average air
temperatures of Case 4 (13.9 °C) and Case 5 (13.14 °C) were near
or lower than the minimum temperature in the past 50 years
(1961-2010, Fig. 4), extreme weather might occur during climate
change. In all cases, the model inputs and parameters, with the
exception of the air temperature, were equivalent to the observed
data for 2010. Each model was employed to simulate 365 d, and
the initial conditions were set as the last day of 2009. For all the
cases, three kinds of Schmidt stability (S;, Sp, and S3) were calcu-
lated for the whole reservoir, and S; were calculated for three rep-
resentative sites (R1: North Lake Center, R2: Dam, R3: South Lake
Center, Fig. 2). Water age was also computed for those cases.
Finally, the relationship between thermal stability and water age
was discussed.

3. Results and discussion
3.1. Model verification

Prior to the application in the water age simulation, field data
from 2009 and 2010 were employed to verify the hydrodynamic
model (water level and water temperature). The main calibrated
parameters included the time step, the bottom roughness height
(Zo), the horizontal and vertical eddy viscosities and diffusivities,
the wind sheltering coefficient, the wind drag coefficient and sev-
eral parameters related to temperature. The adaptive time step
was employed to rapidly and stably run the model. The Z, was
set to a typical value of 0.02 m (HydroQual Inc., 2002; Hamrick,
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1992). The parameters related to the Mellor and Yamada turbu-
lence model (Mellor and Yamada, 1982) were set to the same val-
ues as the parameters employed in other hydrodynamic models,
such as the Princeton Ocean Model and the Estuary, Coastal and
Ocean Model (HydroQual Inc., 2002). The dimensionless viscosity
parameter in the Smagorinsky (1963) formula was set to a constant
value of 0.2 for the horizontal turbulence model (Berntsen, 2002).
To adapt to the water level fluctuations, a moving water surface
boundary was applied in the model by assigning a threshold value
of the water depth to identify the dry elements (0.5 m) and the
wetting/drying procedure of Hamrick (1994).

To quantify and assess the performance of the model, the AME,
RMS, RRMS and R? were also applied. The water levels at site S3
near the dam (Fig. 2a) were recorded during the simulation period.
Modeled and observed water levels showed reasonable agreement
with both 2009 and 2010 water levels (Fig. 5), with a small AME
(<0.03 m), RMS (<0.10 m), RRMS (<2.39%) and high R? (>0.99).

These results demonstrated that the hydrodynamic model ade-
quately simulated surface fluctuations caused by variations in
wind, precipitation, evaporation, freshwater discharge, and water
removal. The heat budget adequately reproduced the temporal
and spatial variation in the reservoir water temperature. The
monthly surface water temperatures at one site (S5, intake) in
2009 and seven sites (S1, S3, S4-8) in 2010 (Fig. 2a) were collected
from the Guiyang Institute of Eco-Environmental Sciences. In both
years, the model generally captured the seasonal changes of the
surface water temperatures (Fig. 6) with acceptable AME
(<1.65 °C), RMS (<2.42 °C), RRMS (<13.99%) and R? (>0.90). The
vertical temperatures were measured at four sites (S2, S3, S6 and
S7, Fig. 2a) during the summer and winter of 2009 (Shang et al.,
2011), and once-a-month vertical temperatures were measured
at site S3 (Fig. 2a) in 2010. Our model results were generally con-
sistent with the observation data with small AME (0.38 and
0.92 °C), RMS (0.51 and 1.12 °C), RRMS (1.53% and 6.64%) and high
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R? (0.99 and 0.95) for all four sites during summer and winter
(Fig. 7) and all months for site S3 in 2010 (Fig. 8). The modeled ver-
tical temperature generally captured the thermal stratification in

spring and summer and the homogenized temperature in autumn
and winter. The hydrodynamic model showed satisfactory perfor-
mance and was sufficiently accurate for age simulations and
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Fig. 8. Modeled and observed vertical temperature at site S3 in 2010.

understanding the hydrodynamic processes in Hongfeng Reservoir.
An increased monitoring frequency and vertical monitoring resolu-
tion are needed for more accurate modeling and prediction in the
future.

g Z,LHJ'Z « > H; (ZLPU‘)
Z;:lHj

53752:2m*n
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S, during stratification (because the magnitude of p* is large than
Z,). Additionally, S3 could be converted to S, when all the zg; points
were moved to z, (Fig. 3), and the difference between S; and S,
could be calculated as follows according to Egs. (14) and (15):

(16)

g *Hle(H1 —Hy) (10 = Yok o) + HiHs(Hi — H3) (21 pis — i1 Pn) + HaHs(Ha — H3) (12 03 = i p) + -+

T 2msxn

3.2. Revised thermal stability

To estimate the thermal stratification characteristics in Hon-
gfeng Reservoir, the integrated Schmidt stability for the entire
reservoir (S, and Ss3) and the spatial Schmidt stability (S;) were cal-
culated based on the three-dimensional simulated temperatures in
this study. S; was also calculated using the traditional method
(temperature profile for the deepest site near the dam, bathymetry
data and water level) based on the Lake Analyzer program (Read
et al., 2011). The results showed that S, was generally higher than
S1 and S5 during the stratification period (p < 0.01, Fig. 9a) and that
the stronger the stratification is, the larger is the difference. It is
reasonable because S; and S, have similar equations and variables,
and a three-dimensional consideration would decrease p* and
increase z, during stratification, S; would generally be less than

Z;:l Hj

If H; > Hy and thermal stratification occurs, it is generally correct
that Y1, p; > > py, which yields S3—S;<0 (S3>S3). On the
other hand, S; and S; did not exhibit a significant difference for
the entire year (p > 0.05, Fig. 9a). The comparison of S; with S3 is
difficult when only the equations are considered. Compared with
other lakes and reservoirs (Kling, 1988; Wang et al., 2012a), the
values of the Schmidt stability in Hongfeng Reservoir were rela-
tively low during the stratification period (Simax=326.05]/m?,
Somax = 436.76 ]/m?, S3max=275.93]/m?). The average state of
stratification for the entire reservoir belonged to the slightly stable
group in Kling (1988). This is primarily attributed to the relatively
low water depth and the deep-water withdrawal for power
generation.

In general, a similar temporal trend was observed for the three
kinds of stability (Fig. 9a). A threshold of 49 J/m? was employed to
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Table 2
Results of thermal stability in 2010 for Hongfeng Reservoir.
Thermal stability Onset of stratification Date of maximum stability End of stratification Maximum stability (J/m?)
S 25 February 5 August 24 August 326.05
S> 25 February 11 August 25 September 436.76
Ss 27 February 5 August 26 September 275.93

estimate the onset timing of the stratification (Wang et al., 2012a;
Winder and Schindler, 2004). Table 2 listed the thermal stratifica-
tion characteristics for the three kinds of stability. The stratifica-
tion generally began at the end of February, increased gradually,
reached a maximum value at the beginning of August, then
abruptly and sharply decreased, and finally disappeared and
became completely mixed at the end of August for S; or at the
end of September for S; and S3 (Fig. 9a, Table 2). According to the
field observation of Hongfeng Reservoir from Wang et al.
(2012b), the disappearance of stratification was around 23
September in 2010, which was more closer to the results of S,
and S; than that of S;. Hence, the stability considering three-
dimensional temperatures for the stratification (S, and S3) seemed
to be more accurate than the traditional one-dimensional stability
(S1). According to results of S, and Ss, the duration of the stratifica-
tion accounted for approximately 58.90% of 2010. Furthermore, the
stability exhibited large fluctuations, which reflects the sensitive
response of thermal stratification/mixing to the variable external
forces. The Pearson correlation analysis showed that three kinds
of stability were all significantly related to air temperature
(R = 0.79, p<0.05) and high air temperature was generally

associated with enhanced stratification (high stability) (Fig. 9b,
only S3 was showed for clearance). The hydrological condition
(primarily inflow/outflow) was another important factor that
influenced thermal stratification in addition to air temperature,
which acted in a reverse manner to restrict the increasing stability,
particularly in summer (Fig. 9b). These results were consistent
with the findings of Wang et al. (2012a) in numerical scenarios.
For the distribution of Schmidt stability (S; for each grid) in
Hongfeng Reservoir, the results showed a distinct spatial hetero-
geneity. Three representative sites (Fig. 2a) were selected; all time
series of Schmidt stability showed similar trends but significant
higher values than that for the entire reservoir (Fig. 9c). The deep-
est site (R2, near dam) had a distinctly longer duration and stron-
ger strength of stratification with a maximum (2679.00 J/m?) in
summer. Thus, the traditional method of treating a water body as
a one-dimensional body will considerably underestimate the local
stratification state. The time series of the percentage of stratifica-
tion area revealed 34 days and 9 days in which the percentage of
stratification area exceeded 50% and 60%, respectively (Fig.9d).
The maximum value was 64.63% on July 28, 2010, when stratifica-
tion occurred in most areas in the North Lake and the South Lake,
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especially in the deep areas (Fig. 10a). On this day, a significant
positive correlation between the Schmidt stability and water depth
(R?>=0.90, p < 0.05) was obtained, which implies that the bathyme-
try (water depth) was another controlling factor for the Schmidt
stability in addition to the external forces. Besides, the spatial sta-
bility also showed high correlations with air temperature, particu-
larly for the deep areas (Fig. 10b). Overall, the long duration and
widespread thermal stratification in Hongfeng Reservoir caused
anoxia and nutrient enrichment in the hypolimnion (Shang et al.,
2011), which caused adverse impacts on the aquatic ecosystem.

3.3. Water age

Water age at any location of Hongfeng Reservoir may be utilized
to represent the average elapsed time for parcel transport from the
inflow entrances. The time series of water age for the surface, mid-
dle and bottom layers at three representative sites (Fig. 2a) showed
a similar trend with increasing age at the beginning, a sharp
decline in summer and a flat or slightly upward trend in autumn
and winter (Fig. 11a-c). To ensure an adequate water supply and
to maintain a certain water level, no dam discharge (no power gen-
eration) occurred from January to May in 2010 and the inflows in
these months were also very low, which produced the constantly
increasing age in the corresponding period. With the increasing
inflows and outflow in summer, the water age gradually reduced
and a sudden drop occurred in July due to the substantially
increasing inflows and dam discharge. Water age generally contin-
ued to decrease in August due to the large dam discharge and
became relatively stable or slightly increased in the following
months. The fluctuations in water age generally kept pace with
the variable inflow and outflow (Fig. 11d). For the average water

age (yearly average and depth average) among the three represen-
tative sites in 2010, the North Lake Center site showed the highest
value (261.51 days) and the South Lake Center had the lowest
value (202.86 days). The value for the dam was 249.04 days, which
was significantly higher than the residence time for the reservoir
(95 days), as reported by Bai et al. (2002). However, this value is
highly associated with the entrances (zero points); if the conflu-
ence of the Yangchang River and the Maxian River was selected
as the zero point in South Lake, the final water age in Dam would
be approximately 100 days.

The water age at different layers for the shallow areas (margin
areas) showed homogeneity for the entire year in 2010 (only expe-
rienced a temporal change with external forces); however, the
majority of the areas of the reservoir were sufficiently deep to
exhibit the mixing and stratification features in different seasons.
A similar water age was obtained for the different layers during
the mixing period in winter and early spring for the three repre-
sentative sites. The water age of the surface layer gradually became
less than water age of the middle layer and the bottom layer in
mid-spring (the beginning of stratification), which kept to summer,
implying that inflow water primarily entered as a surface plume
during this period. The main reason for this finding was the differ-
ence between the inflow temperature and the stratified thermal
regime in the reservoir. Although the density difference existed
with a higher temperature of inflow during summer, the overflow
instantly changed into underflow (with a minimum water age in
the bottom layer) at R2 (dam) in early summer (approximately 5
July) due to the impact of the large dam discharge (because the
outlet is near the bottom). The water ages of the middle layer at
R2 (dam) generally varied between the surface and the bottom lay-
ers. However, the influence of the dam discharge had a hysteresis
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Hongfeng Reservoir.

on North Lake and South Lake. The overflow dominated in the
beginning of summer for both sites in the center of North Lake
and South Lake (R1 and R3) and changed into interflow (with a
minimum water age in the middle layer) in the middle of summer,
probably due to the changed temperature difference between
inflow and the stratified water. The interflow did not change into
underflow until the middle of autumn for R1 (North Lake Center)
and the end of the summer for R3 (South Lake Center). Subse-
quently, the water age for different layers was similar at R1 (North
Lake Center) in winter due to the mixing. However, underflow con-
tinued to dominate at R2 (dam) and R3 (South Lake Center), which
was controlled by the dam discharge during this period. These
results also reflect that the dam discharge had a greater impact
on South Lake than North Lake, which was reasonable because
the inflow from South Lake dominated the total inflow in Hongfeng
Reservoir and supplied the dam discharge (Fig. 11d), although the
dam was located in North Lake. As a whole, the vertical distribu-
tion of water age was controlled by the water depth, the density
difference (inflow temperature and thermal regime in the reser-
voir), and the dam discharge depth and quantity.

For the spatial distribution of water age in Hongfeng Reservoir,
the yearly average water age of the surface, middle and bottom
layers revealed a general trend with water age that gradually
increased from south to north, with the exception of the entrances
of the inflows (Fig. 12a-c). The highest water age was obtained in
the North Lake. The regional difference in the North Lake was
small, with the exception of the dam area in the bottom layer with
a relatively lower age due to the influence of discharge and inflows
from South Lake. Overall, South Lake exhibited river characteristics
with relatively smaller water ages, whereas North Lake showed a
larger number of lake characteristics with a relatively greater

amount of stagnant water. The spatial distributions of water age
were generally consistent with the corresponding flow circulations
(yearly average, Fig. 12a-c) and followed the path of freshwater
movement. The large gyre in North Lake in the surface layer and
the bottom layer, as well as the small gyre in the center of South
Lake in the bottom layer caused the relative higher water ages in
these areas.

3.4. Effect of thermal stratification on water age

The above analyses of thermal stability and water age charac-
teristics in Hongfeng Reservoir showed distinct temporal and spa-
tial changes, which were significantly associated with
morphometry, inflow (discharge and temperature)/outflow (depth
and discharge), and air temperature (influence the stratified tem-
perature in the reservoir and indirectly affect water age). The ver-
tical distribution of water age was highly related to the thermal
stratification; this finding was further proven by the results for
Case 1 (without temperature module). Although the outlet was
located near the bottom and the outflow was considerable at times,
the water ages for the three representative sites for Case 1 showed
substantial uniformity among the three different layers, with a
small reduction (approximately 10-30 days) in the middle and
bottom layers for R2 due to the effect of outflow (Fig. 11a-c). Com-
pared with the water ages of different layers in the base year
(2010), of data obtained for Case 1 did not reveal any distinct dis-
crepancy until the beginning of the stratification in 2010. These
findings confirm that the differentiation of water age in the vertical
direction was primarily controlled by the thermal stratification. In
the early stage of stratification, water age of Case 1 was generally
higher than the water age of any layer in 2010, in particular for
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Fig. 13. Comparison of water age of surface, middle and bottom layers at three representative sites in Case 3 and Case 5 in Hongfeng Reservoir.

R1 and R2 sites. However, only R1 retained the higher water age
until the end of the year, R2 became close to the water ages in
2010 after the sharp decline in summer, and R3 became smaller
after the decline and kept the smaller values to the end. Those
results implies that thermal stratification obviously improves the
water exchange and pollutant transport in the North Lake, but
inhibits that in the South Lake to some extent.

Cases 2-5 were also conducted with approximately 5%, 10%,
—5% and —10%, respectively, higher (positive) or lower (negative)
annual average air temperature than that of 2010 to study the
impact of thermal stratification on water age. The integral and spa-
tial stability (S;, S», S3 and §;) generally increased with an increase
in the annual average air temperature, particularly, for spring and
summer with distinct stratification. Although thermal stratifica-
tion determined whether the water age stratified, the flow patterns
that dominated (overflow, interflow or underflow) in a deep reser-
voir were attributed to many factors, including the temperature
difference between the inflow and the stratified reservoir, inflow/
outflow and outlet depth. The changing annual average air temper-
ature in Cases 2-5 did not reveal a distinct impact on the general
flow patterns, which varied with season and position (similar to
2010, results not shown), but affected the water age of different
layers. Because the differences of water age among those cases
were relatively small, only the results from Case 3 (highest annual
average air temperature, 10% higher than 2010) and Case 5 (lowest
annual average air temperature, 10% lower than 2010) were shown
to make the figures more clearly (Fig. 13). Water age was insensi-
tive to the increasing air temperature prior to the occurrence of
stratification in the three representative sites. When the stratifica-
tion began in mid-spring, the water ages of the surface layers of all
representative sites slightly decreased with the increase in air tem-
perature (from Case 5 to Case 3). The water ages for the middle and
bottom layers remained significantly unchanged (with the

exception of a small increase in the bottom layer in R3). It is rea-
sonable since the temperature difference between inflow and the
surface layer in the reservoir becomes smaller with increasing air
temperature at the early stage of stratification, resulting in less
resistance of the overflow, which leads to fast transport and lower
water age. When the overflow changed into underflow (R2) or
interflow (R1 and R3), the water ages for the surface layers of all
of the representative sites in Case 3 increased and exceeded the
water age for Case 5. Inversely, the water age for the middle and
bottom layers distinctly declined with increasing air temperature,
especially for R2 and R3. This might be explained by the decreasing
intrusion thickness of interflow or underflow with stronger strati-
fication, leading to a higher velocity and a shorter transport time
(Ahlfeld et al., 2003; Zhang et al., 2015). For the balance of the
whole system, the slower flow of the surface layer with higher
air temperature was also reasonable. At the late stage of stratifica-
tion (end of summer and early autumn) and the following mixing
stage (autumn and winter), the flow transport became slower for
all the three layers, with higher water age in Case 3, as the air tem-
perature increased. The reason for this phenomenon needs further
study. All results revealed that the increase in air temperature
enhanced the stratification stability and the dominated flow (first
overflow and then underflow or interflow) in the most time of
stratification, but inhibited the transport process of the whole
reservoir during the end of the stratification and the mixing stage
in Hongfeng Reservoir. These results also indicated the potential
relationship between thermal stability and water age.

The results for Cases 2-5 and base year 2010 during summer
were employed to quantitatively analyze the impact of thermal
stability on water age because the most distinct stratification
occurred in summer. Negative linear relationships were found
between the average integral stability for the entire reservoir (S;,
S, and S3) and water age for the outlet of the reservoir (Fig. 14a),
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Fig. 14. Relationship between average thermal stability and water age during summer in the whole reservoir and three representative sites.

implying that higher temperature (stronger stratification) gener-
ally promotes water exchange in the study reservoir in summer.
This was also consistent with the relationships observed for inter-
flow (Ahlfeld et al., 2003; Zhang et al., 2015), which indicates that
the flow patterns of Hongfeng Reservoir during summer may be
dominated by interflow; however, overflow and underflow
appeared at certain times in some areas. Additionally, although
S, was much higher than S; and Ss, the slopes of relationship
between stability and water age were very close, implying the con-
sistent effects of stratification (reflected by Sy, S, or S3) on water
age. For three representative sites, negative linear relationships
were also found between the spatial stability (S;) of the bottom lay-
ers and the corresponding water age during summer, however,
positive linear relationships were obtained between the spatial
stability (S;) of the surface layers and the corresponding water
age during summer (Fig. 14b-d). On the other hand, the relation-
ships between thermal stability and water age were different for
the middle layer, with negative linear relationship for R2 (Dam)
and R3 (South Lake Center) sites and positive linear relationship
for R1 (North Lake Center) (Fig. 14b-d). Those results revealed that
increasing temperature (stratification) in summer distinctly pro-
moted water exchange and pollutant transport in the bottom lay-
ers, while inhibited the flow in the surface layers. Moreover, there
were some interesting findings for the different effects of increas-
ing air temperature in the middle layers at different sites. The slope
(positive or negative) of the middle layer was consistent with the

small slope (absolute value) between the surface layer and bottom
layer for sites R1 and R3, which might be highly associated with
the intrusion depth of inflow. However, the slope of middle layer
at site R2 didn’t follow the above rule, which might be controlled
by the deep dam outflow. More studies are needed for further dis-
cussions and better understanding.

4. Conclusion

Thermal stratification and pollutant transport processes are sig-
nificantly related to water quality and algae bloom in deep reser-
voirs and can be quantified by indicators of Schmidt stability and
water age, respectively. In this paper, the original Schmidt stability,
which was derived from a one-dimensional assumption, was theo-
retically extended to a three-dimensional water body and a three-
dimensional model was calibrated and validated for Hongfeng
Reservoir (a deep drinking water reservoir in the Yunnan-Guizhou
Plateau of China) based on data from 2009 and 2010. The revised
thermal stability and water age characteristics and the controlling
factors were discussed based on the representative year (2010).
Although the revised stability was similar to the original stability
in Hongfeng Reservoir, which exhibited a relatively low level, the
greater stratification in other deep water bodies would enhance
their difference. Air temperature and water depth were the most
important factors for the temporal variation and the spatial
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variation in stability, respectively. The pollutant transport pro-
cesses in Hongfeng Reservoir were very complex with alternate
appearances of overflow, interflow and underflow, depending on
the season. A general trend for water age was a gradual increase
from south to north in Hongfeng Reservoir with the highest in
North Lake, which was consistent with the flow circulations.
Although the spatial water age was primarily determined by the
morphometry and inflow/outflow, the vertical difference in the
water age among the layers was primarily controlled by thermal
stratification. The impact of stability on water age was investigated
by numerical experiments. Negative linear relationships between
the average stability and the water age of the bottom layers in
three representative sites during summer were observed, whereas
positive linear relationships among the surface layers were
observed. Both trends were observed for the middle layers at dif-
ferent sites. These findings provide useful information for a better
understanding of the complex hydrodynamic and mass transport
processes in a deep reservoir.
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